Bruss MD, Khambatta CF, Ruby MA, Aggarwal I, Hellerstein MK. Calorie restriction increases fatty acid synthesis and whole body fat oxidation rates. Am J Physiol Endocrinol Metab 298: E108-E116, 2010. First published November 3, 2009 zdoi:10.1152/ajpendo.00524.2009.-Calorie restriction (CR) increases longevity and retards the development of many chronic diseases, but the underlying metabolic signals are poorly understood. Increased fatty acid (FA) oxidation and reduced FA synthesis have been hypothesized to be important metabolic adaptations to CR. However, at metabolic steady state, FA oxidation must match FA intake plus synthesis; moreover, FA intake is low, not high, during CR. Therefore, it is not clear how FA dynamics are altered during CR. Accordingly, we measured food intake patterns, whole body fuel selection, endogenous FA synthesis, and gene expression in mice on CR. Within 2 days of CR being started, a shift to a cyclic, diurnal pattern of whole body FA metabolism occurred, with an initial phase of elevated endogenous FA synthesis [respiratory exchange ratio (RER) Ͼ1.10, lasting 4 -6 h after food provision], followed by a prolonged phase of FA oxidation (RER ϭ 0.70, lasting 18 -20 h). CR mice oxidized four times as much fat per day as ad libitum (AL)-fed controls (367 Ϯ 19 vs. 97 Ϯ 14 mg/day, P Ͻ O.001) despite reduced energy intake from fat. This increase in FA oxidation was balanced by a threefold increase in adipose tissue FA synthesis compared with AL. Expression of FA synthase and acetyl-CoA carboxylase mRNA were increased in adipose and liver in a timedependent manner. We conclude that CR induces a surprising metabolic pattern characterized by periods of elevated FA synthesis alternating with periods of FA oxidation disproportionate to dietary FA intake. This pattern may have implications for oxidative damage and disease risk. fat synthesis; lipogenesis; palmitoleate; heavy water CALORIE RESTRICTION (CR) delays the development of chronic disease and prolongs lifespan in mice (1, 17, 27, 34) . These effects correlate with a rapid induction in the expression of certain genes that persist as long as animals remain on CR (10, 36) even after energy balance is restored. These observations suggest the presence of a chronic signal of reduced energy availability that persists after energy balance has been reestablished. However, the underlying metabolic signals and adaptations responsible are not fully understood.
CALORIE RESTRICTION (CR) delays the development of chronic disease and prolongs lifespan in mice (1, 17, 27, 34) . These effects correlate with a rapid induction in the expression of certain genes that persist as long as animals remain on CR (10, 36) even after energy balance is restored. These observations suggest the presence of a chronic signal of reduced energy availability that persists after energy balance has been reestablished. However, the underlying metabolic signals and adaptations responsible are not fully understood.
Mice on CR regimens have been reported to exhibit increased expression of genes for fatty acid (FA) oxidation and decreased expression of genes for FA synthesis compared with ad libitum (AL)-fed controls (6, 7, 30, 38) . Due to differential entry points into the electron transport chain, a metabolic shift from carbohydrate to FA oxidation may reduce the production of reactive oxygen species (ROS) (15) . A shift to FA oxidation thereby represents a potential mechanism for reduced oxidative damage, which has been proposed as a potential explanation for the health benefits of CR (14, 15, 29, 35) . It has also been proposed that reduced rates of FA synthesis may inhibit tumor formation (30, 38) . Thus, changes in macronutrient metabolism, specifically FA oxidation or synthesis, may be an important metabolic mediator of the health benefits of CR.
However, a problem with the FA oxidation hypothesis relates to a basic principle of energetics and macronutrient balance in whole organisms. At metabolic steady state, i.e., when body composition is stable, fuel selection must match dietary macronutrient composition (13, 44) . In other words, the respiratory quotient (RQ) over each 24-h period is usually identical to the net daily "food quotient" (FQ). Since the macronutrient composition of the diets fed to calorie-restricted and AL-fed mice are typically identical (FQ ϭ 0.94) and total energy intake is lower on CR, neither relative nor absolute FA intake is elevated in CR animals. On the surface, these considerations argue against a role for increased FA oxidation rates as a signal mediating health benefits in CR mice.
The goal of this study was to determine whole body FA oxidation and synthesis rates in calorie-restricted and AL-fed mice with the use of a combination of indirect calorimetry and stable isotope labeling and to compare these metabolic changes to gene expression in white adipose tissue and liver. We report here a rapidly induced diurnal pattern of FA synthesis and oxidation in mice on CR regimens. We hypothesize that this pattern of macronutrient metabolism could provide signals linking CR to health benefits.
METHODS
Mice and diets. Nine-week-old C57BL/6J male mice were obtained from Charles River Breeding Laboratories, housed individually, and maintained under temperature-and light-controlled conditions (12: 12-h light-dark cycle: lights on at 7 AM and off at 7 PM) for 1 wk. During this acclimation period, mice were given free access to water and a semipurified AIN-93M diet (Bio-Serv), and the daily amount of food consumed by each mouse was recorded.
At 10 wk of age, mice were assigned randomly to either the CR or the AL control group. Mice in the AL group were provided free access to food throughout the day, whereas mice in the CR group were provided 70% of the calories consumed by the AL group. Food was provided to the CR group daily at 6 PM. Mice were maintained on CR or AL for Ն5 wk before any experimental studies were carried out. Upon completion of each experiment, mice were anesthetized under 3% isoflurane, and blood was collected via cardiac puncture, followed by cervical dislocation. All procedures and protocols received approval from the University of California Berkeley Animal Use Committee.
Food consumption. Food consumption was determined by 24-h automatic food monitoring system in environment-controlled Comprehensive Laboratory Animal Monitoring System (CLAMS) meta-bolic cages (Columbus Scientific). Total food consumption was measured six times per hour and averaged to determine hourly food consumption.
Respiratory exhange ratio, energy expenditure, FA oxidation, and fuel selection. We determined respiratory exchange ratio (RER), energy expenditure (EE), FA oxidation, and fuel selection in environment-controlled CLAMS metabolic cages equipped with an indirect open-circuit calorimeter (Oxymax Equal Flow System). The system measures carbon dioxide produced and oxygen consumed over a 1-min period six times per hour. These values were averaged to determine the rate of carbon dioxide produced (V CO2) and oxygen consumed (V O2) in milliliters per hour. EE, RER, and FA oxidation were calculated using the following equations (25) :
Daily FA oxidation was calculated from the 24-h area under the curve (AUC) of hourly FA oxidation. Daily carbohydrate plus protein oxidation was calculated from total daily EE and determined from the AUC of hourly EE minus daily FA oxidation.
FA synthesis. FA synthesis was measured by stable isotope incorporation, with analysis by gas chromatography-mass spectrometry. Mice were labeled with an intraperitoneal injection of 100% 2 H2O (0.35 ml/10 g body wt) and then provided 8% 2 H2O as drinking water for 6 -24 h, as described previously (40) . Upon completion of labeling, mice were euthanized, and tissue or serum was collected and homogenized in a 2:1 chloroform-methanol solution. Pentadecanoic acid (10 mg/ml) was added to solutions as an internal control. Lipid was extracted in methanol-chloroform overnight and methylated with 5% methanolic acid with heating at 50°C for 1 h. The FA methyl esters were extracted via the Folch technique with hexane after the addition of water.
Total FA concentrations were measured via gas chromatographyflame ionization detection using an Agilent 6890N GC (Agilent Technologies, Palo Alto, CA) and a DB-225MS column. Hydrogen was used as carrier gas at a constant flow rate of 40 ml/min. The temperature of the GC oven was set to 110°C for 2 min, increased to 220°C for 8 min, and held at 240°C for 5 min. HP Chemstation software was used for data analysis.
The fraction of newly synthesized nonessential saturated FA formed during the 2 H2O labeling period was assessed using a combinatorial model of polymerization biosynthesis, as described previously (37, 39) . Briefly, mass isotopomer distribution analysis was used to determine the number (n) of hydrogen atoms in FA C-H bonds that were derived from cellular water during endogenous synthesis of FA. Enrichments, or excess fractional molar abundances (EM x) above baseline, were measured for the parent (EM 0), single-labeled (EM1), and double-labeled (EM 2) mass isotopomers in the FA by gas chromatography-mass spectrometry. Specifically, the fractional abundances of molecular anions m/z 270, 271, and 272 (for 16:0, palmitate) and m/z 298, 299, and 300 (for 18:0, stearate) were determined in natural abundance (baseline) samples and in 2 H2O labeled samples. The measured body 2 H2O enrichment was then used to represent the isotopic enrichment of hydrogen atoms entering C-H bonds in the FA-synthetic pathway, i.e., the true precursor pool (p) (37, 39) , and n was calculated from EM 2/EM1 ratios, as described previously (22) . The maximal or asymptotic 2 H excess mass ϩ1 isotopomeric enrichment (A* 1) possible in the FA at this p and n, representing the EM1 value if 100% of the FA were newly synthesized from this body water pool, was then calculated (37, 39 Whole body fat mass, used to calculate total adipose FA synthesis, was estimated at 15% body weight for CR and 32% body weight for AL on the basis of literature values (3, 4, 9, 16, 18, 26) .
Gene expression. RNA was isolated from snap-frozen inguinal and epididymal adipose tissue and liver tissue using RNeasy kit (Qiagen) and reverse transcribed with M-MulV reverse transcriptase (New England Biolabs). Next, 25 ng of diluted cDNA was run on an ABI 7500 Fast Real-Time PCR System using TaqMan gene expression master mix and probed with FA synthase (FAS; Mm01253300_g1), acetyl-CoA carboxylase-1 (ACC1; Mm01304289_m1), ␤2-microglobulin (Mm00437762_m1), sterol regulatory element-binding protein-1 (SREBP-1; Mm00550338_m1), peroxisome proliferator-activated receptor-␥ (PPAR␥; Mm00440945_m1), and glyceraldeyde-3-phosphate dehydrogenase (GAPDH; predeveloped TaqMan assay reagent) according to the manufacturer's instructions (Applied Biosystems). To account for potential time-dependent changes in any single reference gene, the expressions of FAS, ACC1, SREBP-1, and PPAR␥ mRNA were divided by the expressions of two reference genes (GAPDH and ␤2-microglobin) in each tissue, and these values were then averaged. Data from all groups were expressed as means Ϯ SE relative to AL control animals at 6 PM.
Serum lipids. Serum nonesterified FA (NEFA) and triglyceride (TG) concentrations were determined by HR Series NEFA-HR and L-Type TG M methods (Wako Diagnostics), respectively.
Statistical analysis. All results are presented as means Ϯ SE. The AUC for Fig. 3 was calculated with a baseline of 0 and from x ϭ 0 to x ϭ 24. Differences between groups were analyzed by two-way ANOVA with Bonferroni post hoc test or t-test. Data were analyzed by Prism Graphpad software (version 5.0a).
RESULTS

Body weights and food intake pattern.
The most obvious changes in response to CR in rodents are lower body weights and reduced adiposity. Another major adaptation that we have observed is a dramatic alteration in feeding pattern. Mice fed AL maintained relatively constant energy intake throughout the day (0.69 Ϯ 0.07 kcal/h; Fig. 1A ). In contrast, calorie-restricted mice given food each day at 6 PM consumed their entire daily allotment of food in ϳ1 h at an average rate of 8.7 kcal/h, followed by a nearly 23-h daily absence of food energy intake (Fig. 1A) .
Fuel selection. To determine whether this pattern of feeding and fasting influences fuel selection throughout the day and to determine the duration of CR needed to induce a potential change, the RER was calculated after various durations of CR. We observed that CR immediately led to a dramatic change in the daily pattern of fuel selection (Fig. 2) . Whereas AL mice maintained an RER of ϳ0.9 -1.0, representing primarily carbohydrate oxidation ( Fig. 2A) , as expected from the predominance of carbohydrate energy in the diet, CR mice exhibited two distinct phases of fuel selection each day (Fig. 2, B-F) . In the first phase, immediately following provision of food, the CR mice exhibited RER values significantly greater than 1.0, which is generally taken to represent both carbohydrate oxidation and endogenous FA synthesis (33) . In the second phase, beginning ϳ6 h after food is presented each day, RER values fell rapidly to ϳ0.7, representing exclusively FA oxidation. This pattern became more pronounced over the course of the first 7 days of CR (Fig. 2, A-D) , and the circadian pattern continued for the remainder of the CR feeding regimen (Fig.  2F) . Thus, it appears that CR rapidly and significantly alters whole body fuel selection, leading to a metabolically unusual pattern of both increased FA oxidation and increased FA synthesis, on the whole body level.
Total fat oxidation in the whole body. The energy derived from FA oxidation was calculated from a combination of RER (Fig. 3A) and EE ( 3D ). CR mice derived 37% of their daily energy needs from fat oxidation compared with only 7% for AL mice (Fig. 3D) . Fat content of the diets fed to both groups was identical (9.7% of metabolizable energy). These data demonstrate that CR dramatically increases the total energy derived directly from FA oxidation compared with AL controls.
CR mice oxidized Ͼ300 mg of fat/day, but they consumed only 92 mg of fat/day. Over the last 28 days of the 35-day CR regimen, CR mice were in neutral or positive energy balance (Fig. 1B) . To establish whether increased FA synthesis can be detected biochemically and whether this synthesis can account for the higher FA oxidation rates in the whole body, we measured endogenous FA synthesis from 2 Fig. 1 . Altered feeding pattern and body weight in response to calorie restriction. Food was provided to calorie-restricted (CR) and ad libitum (AL)-fed mice at 6 PM. A: food consumption was recorded hourly, using food balance in metabolic cages, over the next 24 h. B: mice were weighed weekly. Values are means Ϯ SE for 6 mice/group. 2Time when daily food was provided to CR mice. Fig. 2 . Time course of effect of calorie restriction on fuel selection pattern. AL-fed mice were placed in metabolic cages before starting a CR diet (A) and again on days 1 (B), 4 (C), 7 (D), 28 (E), and 56 (F) of calorie restriction. Gas exchange was monitored for 24 h each time mice were placed in metabolic cages. Respiratory exchange ratios (RER) were recorded 6 times/h and then averaged to give RER for each hour. Values are means Ϯ SE for 4 mice/diet. 2Time when daily food was provided to CR mice. adipose tissue), respectively, in adipose tissue relative to AL controls (Fig. 4A) . In contrast, CR did not alter the accumulation of any endogenously synthesized FA in the liver (Fig. 4B) . When extrapolated to total fat mass, CR mice synthesized and retained in adipose tissue and liver a total of 212 Ϯ 13 mg FA/day compared with 91 Ϯ 9 mg/day for AL controls (Fig.  4C) . Thus, endogenous FA synthesis that was retained in the adipose tissue and liver (212 mg/day) accounts for a substantial proportion of the whole body FA oxidation that was in excess of food intake (ϳ270 mg/day). Endogenous FAs that were synthesized and directly oxidized, rather than being mixed into the general adipose TG pool, would not accrue or be measured in adipose depots and could account for the remainder of FA oxidation in excess of intake.
To determine whether the endogenous synthesis of FAs occurred in the adipose tissue directly or whether the FAs were transported to the adipose following synthesis in the liver, we measured 2 H incorporation into palmitate in adipose (subcutaneous and epididymal depots), liver, and VLDL throughout the first day after exposure to 2 H 2 O (Fig. 5) . In the first 3 h after food was provided, a fivefold increase was observed in the accumulation of newly synthesized palmitate in the subcutaneous depot (14.1 Ϯ 1.2 vs. 2.7 Ϯ 0.2 mg/depot), and a twofold increase was observed in the epididymal depot (2.9 Ϯ 0.1 vs. 1.5 Ϯ 0.1 mg/depot) in CR mice relative to AL controls, after which accumulation occurred at a much slower rate (Fig. 5, A and B) . This circadian pattern of FA synthesis parallels the pattern seen in the RER data (Fig. 2) . In contrast, there was no increase in the accumulation of endogenously synthesized palmitate in the liver at any time point (Fig.  5C ) and only a small increase in plasma VLDL of CR mice 6 h after feeding (Fig. 5D) . The magnitude and timing of the accumulation of endogenously synthesized palmitate in the adipose tissue relative to the liver suggests that adipose tissue is the major site of FA synthesis in response to CR. Gene expression. To determine whether changes in gene expression reflected these striking changes in flux through FA-synthetic pathways, we measured FAS, ACC1, SREBP-1, and PPAR␥ mRNA levels in liver and adipose tissue at several time points throughout the day (Figs. 6 and 7) . In the liver, FAS and ACC1 expression were widely variable throughout the day in CR mice, exhibiting 51-and 16-fold differences, respectively, between 6 and 9 PM [0.05 vs. 2.55 and 0.09 vs. 1.44 relative units (RU), respectively; Fig. 6, A and B] . In contrast, the expression of these genes varied little in AL controls over the same time period (1.00 vs. 0.87 and 1.00 vs. 0.72 RU; Fig. 6, A and B) . SREBP-1 followed a similar, but less dramatic, pattern between 6 and 9 PM in livers of CR mice (0.42 vs. 1.46 RU, respectively; Fig. 6C ), and again, there was very little change in control values (1.00 vs. 0.97 RU). There was a trend for decreased PPAR␥ expression in CR livers at all time points (Fig. 6D) .
In the adipose tissue, FAS and ACC1 expression were fourand threefold higher, respectively, in CR than AL mice at 6 PM (3.97 vs. 1.00 RU and 2.92 vs. 1.00 RU; Fig. 7, A and B) , and this difference was maintained throughout the day. Whereas there was no difference in SREBP-1 expression in adipose Fig. 5 . Endogenous synthesis of palmitate in various tissues throughout the day. Mice were labeled with 2 H2O at 12 PM and tissues collected, and endogenous palmitate synthesis was calculated at various times after provision of daily food: 6 PM (0 h), 9 PM (3 h), 12 AM (6 h), and 12 PM (18 h) in subcutaneous (A) and epididymal (B) adipose depots and in liver (C). D: endogenously synthesized palmitate was also calculated in plasma VLDL at 6 PM, 9 PM, 12 AM, and 12 PM in the same mice. Values represent palmitate synthesis in the total subcutaneous and epididymal depots as well as in the total liver. Palmitate synthesis in VLDL is expressed per milliliter of serum. Values are means Ϯ SE (n ϭ 6 mice/ dietary group). ***P Ͻ 0.001, **P Ͻ 0.01, *P Ͻ 0.05, difference from AL values by ANOVA and Bonferroni post hoc test. 2Time when daily food was provided to CR mice. tissue of CR mice at 6 PM, there was a twofold increase at 9 PM (2.02 vs. 1.03 RU; Fig. 7C ). There was no difference in PPAR␥ expression in the adipose between CR and AL mice at any time point (Fig. 7D) .
Palmitoleate levels in CR mice. It has recently been suggested that increased rates of FA synthesis in adipose tissue result in a particular accumulation of palmitoleate, which is an insulin-sensitizing FA (5, 11) , in adipose tissue as well as in serum (5, 19, 20, 32, 42, 43) . To determine whether there was an increase in palmitoleate accumulation in our CR mice, we used gas chromatography coupled with flame ionization detection to measure FA composition in the inguinal and epidymal adipose depots and in the liver. We found a significant increase in palmitate concentration in both adipose depots but no increase in palmitoleate concentration in adipose tissue or the liver (Table 1) .
Serum lipids in CR mice. To determine whether changes in serum lipids reflect the pattern of feeding and fasting in CR mice, we measured serum NEFA and TG in CR and AL mice at 6 PM, before food was provided to CR mice, and 9 PM, 3 h after food was provided ( Table 2) . We found a significant increase in serum NEFA of CR mice compared with AL mice at 6 PM (0.87 Ϯ 0.10 vs. 0.45 Ϯ 0.02 meq/l) but no difference at 9 PM. In contrast, for serum TG, we found a significant increase in CR mice at 9 PM (81.0 Ϯ 3.8 vs. 39.3 Ϯ 1.9 mg/dl) but no difference at 6 PM. These data are consistent with a prolonged fasting period in CR mice until 6 PM, when food was provided, and then a rapid feeding phase immediately following.
DISCUSSION
The experiments presented here demonstrate that CR, administered by daily feeding, leads to a unique pattern of fuel selection in mice characterized by a brief period of markedly increased endogenous FA synthesis in adipose tissue followed by a prolonged period of elevated whole body FA oxidation. This pattern is consistent with previous reports demonstrating diurnal changes in RER in calorie-restricted rats (12, 28) . Here we confirm these metabolic effects with indirect calorimetry, stable isotope labeling, FA composition, and to some extent gene expression and demonstrate that the pattern is induced rapidly and persists as long as the mouse remains calorie restricted.
The metabolic adaptations to CR described here have implications for current hypotheses about the mechanisms mediating the effects of CR. In addition, our data provide insight into a time dependence of experimental designs for studying genetic adaptations to CR.
The data confirm the view that the absolute amount of whole body FA oxidation is higher in CR mice than in AL controls (15, 23, 38) . This is, in fact, a remarkable result in the context of classic principles of whole body macronutrient balances (13, 44) . After an initial 1-to 2-wk period of weight loss, CR mice reestablish a state of energy balance in which fat mass is preserved or even increased. The energy intake from fat in CR mice is ϳ92 mg/day (2.3 g food/day ϫ 4% fat in diet by weight), yet we measured by indirect calorimetry 367 mg fat oxidized/day in CR mice. The majority of fat oxidation occurred during the 12 h after feeding when mice were oxidizing exclusively fat (RER ϭ 0.7; Fig. 3 ). Although there are limitations to estimating fat oxidation from indirect calorimetry (46) , given that it accounts only for net changes, in this case, where RER values are 0.7 for so long, alternate interpretations are unlikely. Thus, the question remains, if CR mice oxidize a much greater quantity of FAs per day than dietary intake but remain weight stable, where does the FA substrate come from?
Quantitatively, we demonstrate that the increase in FA oxidation is almost entirely accounted for by an increase in endogenous FA synthesis in CR mice. Some previous reports had suggested that CR reduces endogenous FA synthesis on the basis of FAS and/or ACC1 expression in the liver (6, 7, 30, 38) . Our stable isotope-based measurements of flux through the FA-synthetic pathway support the opposite conclusion. It should be noted that our calculations for endogenous FA synthesis are based on literature values for percent body fat in CR and AL from similarly aged and restricted C57BL/6 male mice. The literature values for percent body fat range from 15 to 30% for CR mice and 22 to 42% for AL mice. For a conservative estimate of FA synthesis in CR mice, we used the lower value of 15%. For the estimation of AL FA synthesis, we used the median value of 32%. In addition, any endogenously synthesized FAs that are oxidized rather than being stored in adipose tissue will not be detected by measurements on adipose tissue TGs. Thus, our measurements represent a lower bound estimate of FA synthesis in CR mice, yet account for the great majority of whole body FA oxidation in excess of dietary fat intake.
Adipose tissue, as opposed to the liver, may be the primary site for whole body endogenous FA synthesis in CR mice. Within 3 h of feeding, there was an accumulation of 14 mg of endogenously synthesized palmitate in the subcutaneous depot and another 3 mg in the epididymal tissue. In contrast, only 4 mg of endogenously synthesized palmitate accumulated in the liver over the same time period. In addition, in the first 3 h postfeeding, endogenously synthesized palmitate accumulated in the subcutaneous depot five times faster in CR mice than in AL controls, whereas in the liver and VLDL there was no difference in newly synthesized FA accumulation between these groups (Fig. 5, C and D (Fig. 4A) . To our knowledge, this is the first report to compare palmitate and palmitoleate synthesis rates under conditions of increased FA synthesis. Palmitoleate accumulation does not appear to be a universal marker of endogenous FA synthesis. It is possible that the increase in palmitoleate accumulation observed in previous reports was related specifically to a change in diet, since animals were switched from a high-fat diet to a highcarbohydrate diet, which may alter stearoyl-CoA desaturase-1 activity (2, 8) .
Liver FAS and ACC1 gene expression at a single time point did not necessarily reflect the expression pattern in calorierestricted mice throughout the day. This previously unreported circadian pattern may have implications for future genomic studies in calorie-restricted mice. We observed that, at 6 PM, just before food was provided, FAS and ACC1 expression were 20-and 10-fold lower, respectively, in CR than in AL mice (Fig. 6, A and B) . This is the same trend reported previously in several publications (6, 7, 30, 38) and has led to the conclusion that FA synthesis is decreased in CR. However, immediately after food was provided, FAS expression increased 50-fold in CR mice, leading to values nearly threefold higher than AL controls (Fig. 6A ). In the same period, ACC1 expression increased 16-fold in CR mice, leading to values twofold higher than the AL group (Fig. 6B ). This increase in FAS and ACC1 expression correlated with a relatively small but statistically significant increase in FA synthesis in the livers of CR mice. Unfortunately, most studies investigating the changes in gene expression patterns in response to CR have measured expression at one time point, and in some cases animals were fasted overnight (6, 30) , masking the timedependent gene expression pattern. Furthermore, it is likely that the expression of other metabolic genes is influenced by this unique circadian pattern. We believe that future studies into the physiological, metabolic, and genomic adaptations to CR must take into account this cyclical metabolic pattern.
A larger question is whether this diurnal fuel selection pattern plays a role in mediating the effects of CR on health and longevity. The pattern of food intake observed in response to CR is, in fact, a form of intermittent fasting. Other intermittent fasting protocols, most notably alternate day fasting, have been shown to slow tumor growth, decrease cell proliferation, improve insulin sensitivity, and increase longevity, perhaps without a concomitant decrease in body weight (41) . It should be noted that Nelson and Halberg (31) demonstrated that CR provided as six meals per day increased longevity to an extent equal to CR provided as one meal per day. Yet, it is possible that some of the effects of CR may be mediated by intermittent energy intake rather than or in addition to altered body composition.
One potential effect of CR that may be mediated by intermittent fasting is a reduced production of ROS. It has been hypothesized that an increased reliance on FA oxidation could lead to decreased ROS production, because FA oxidation increases the FADH/NADH ratio compared with carbohydrate oxidation (15) . Although NADH donates electrons to complex I of the electron transport chain, FADH donates electrons Values are means Ϯ SE. NEFA, nonesterified fatty acids; TG, triglyceride. *P Ͻ 0.01, †P Ͻ 0.001, difference from time-matched AL values.
directly to complex II, the electron transfer flavoprotein dehydrogenase, which then passes the electrons to complex III via ubiquinone. Therefore, FADH oxidation bypasses complex I, which is a major contributor to cellular ROS production (21, 24 ). An interesting question for future research is whether the effects of CR on ROS production depend upon the cyclic stimulation of FA synthesis.
In conclusion, we have characterized a unique feeding and macronutrient metabolic pattern in CR mice associated with a dramatic increase in whole body FA oxidation and a marked increase in adipose tissue FA synthesis. This pattern is rapidly induced, influences the daily pattern of gene expression, and may provide a metabolic switch that translates the dietary changes of CR into a program of health and survival.
